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SUMMARY 
The interplanar spacing d(hkZ) versus sin 2 
distributions were measured for the 211,310, 
220 and 200 reflections from severely cold- 
drawn O. 7% C steel wire with a diameter of 
0.25 ram. From the shape of the curves it was 
concluded that, as well as a (110) fibre texture 
and elastic anisotropy, plastic anisotropy of 
the ferrite crystals may be an important cause 
of the non-linearity in d{hkl ) versus in 2 ~. 
The shape of the curves, and therefore the re- 
sidual state of stress of  the wire, is influenced 
by the drawing parameters, i.e. the drawing 
die cone angle and the number of  stages. 
1. INTRODUCTION 
The "sin 2 ~ technique" is generally used 
[1] for the measurement of macroscopic 
residual stresses by means of X-ray diffrac- 
tion. In this method the interplanar spacing of 
a given set of planes, d{hkl), is measured as a 
function of sin 2 ~ where ~ is the angle be- 
tween the normals to the specimen surface 
and the reflecting plane. The (residual) stress 
can then be calculated from the slope of a 
linear least-squares fit to the measured ata 
and the X-ray elastic constants. In this case a 
linear relation between d(hkl) and sin 2 ~ is 
assumed, which can only be expected for a 
(quasi-)isotropic material. However, non- 
linear d{h~Z) versus sin 2 ~ distributions have 
been reported frequently when materials, 
after plastic deformation, exhibit both tex- 
ture and residual stresses [2 - 4]. It is assumed 
that this non-linearity is primarily due to 
plastic anisotropy [ 2], elastic anisotropy [ 3] 
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or a combination of both [4]. In the present 
investigation, d{hhl) versus sin 2 ~ curves were 
measured on a cold-drawn steel wire with 
0.7% C and a diameter of 0.25 mm. This wire 
had the normal (110) fibre texture [5]. To 
investigate the expected effect of the diffrac- 
tion plane [6, 7], measurements were made 
on five different reflections: 211, 310, 220, 
200 and 222. 
2. EXPERIMENTAL  PROCEDURE 
The measurements were carried out on 
steel wire with 0.7% C. After the wires had 
been patented, they were then cold drawn 
from 1.16 mm to a final nominal diameter of 
0.25 mm. The ultimate tensile strength was 
then about 2650 MPa. Two batches of wire 
were examined: the wire of batch I was 
reduced to 0.7 mm diameter in dies with die 
cone angles 2~ of 20 ° (11 stages) and subse- 
quently with die cone angles of 12 ° (12 
stages); the wire of batch II was reduced 
entirely in dies with a die cone angle of 12 ° 
(16 stages). The final wires were curved 
(radius of curvature, about 100 mm) because 
of the coiling. In order to measure d(hkt) 
versus sin 2 ~ curves at certain depths below 
the original wire surface, the wires were 
thinned chemically with a solution of 5 parts 
H20, 1 part 70% HF and 14 parts 35% H202. 
A ~ goniometer [ 8, 9] fitted with a propor- 
tional counter was used for the X-ray 
measurements. The collimator of a Philips 
texture goniometer with an exit 4 mm in 
width and 0.5 mm in height was used in 
combination with a point focus and a 0.5 ° 
receiving slit. Because the distance from the 
exit to the specimen was only 30 mm the size 
of the beam at the specimen was also 4 mm X 
0.5 ram. 
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The experimental  set-up is shown schemat- 
ically in Fig. l(a). The specimens contained 
20 - 30 pieces of wire, with a length of  
15 mm, which were glued to a Perspex plate 
(20 mm X 20 mm) with double-stick tape. The 
plane of  curvature {coiling) was parallel to the 
surface of the Perspex. Figure l (a)  shows the 
= 0 °, ¢ = 0 ° posit ion of the specimen. 
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Fig. 1. (a) Relation between the X-ray source, the 
specimen and the counter (the ~ axis is perpendic- 
ular to 20-0 as well as to the ~ axis, and the ~b axis is 
perpendicular to the Perspex plate (b); sample sys- 
tem, Pi; as shown at ¢ = 0 ° and ~ = 0 ° ); (b) definition 
of the tangential stress Otan and the radial stress Ora d 
(the axial stress Oax is perpendicular to Otan, and 
Orad is parallel to the wire axis); (c) the tensile spec- 
imen. 
It is necessary to screen off  part of  the wire 
surface from the primary X-ray beam for the 
measurements at ¢ = 90 °, as shown in 
Fig. l (b) .  For  this purpose, powders with a 
high absorpt ion coeff ic ient were used. An 
additional requirement in the choice of these 
powders is that they do not  cause dif fract ion 
peaks near to the relevant 0 values. For  this 
TABLE 1 
Combinations of reflections, radiation and powder 
Reflection Radiation Powder 
211 Co Ks Pb 
310 Co Ks Sn 
220 Fe Ks Sn 
200 Cr Ks Bismuth oxide 
222 Cu Ks Sn 
reason the combinat ions given in Table 1 were 
used. In this way the angle fl (Fig. l (b) )  could 
be restricted to a value of  about  30 °. A 
graphite monochromator  was used with Cu 
Ks  radiation. For  the other radiations a fl 
fi lter and a pulse height analyser were used. 
In addit ion, tensile specimens as shown in 
Fig. l (c)  were used for the measurements on 
unannealed as well as stress.relieved wires 
which were external ly loaded uniaxially. In 
the latter experiments,  17 pieces of  wire were 
bonded between two copper plates by means 
of  a cyanoacrylate adhesive (Lockt i te IS 415). 
For  stress relief the wires were annealed at 
625 °C for 1 h in vacuum and furnace cooled. 
The specimen was loaded with the aid of  a 
tensile device mounted  on the ~ axis of the 
goniometer.  The al ignment of  the ~ goniom- 
eter was checked using a flat annealed iron 
powder specimen and, if necessary, adjusted 
in such a way that for +~ and - -~ rotat ions 
the posit ion of  the dif fraction peak was inde- 
pendent  of  ~. The posit ion of  the specimen 
with respect to the ~ axis was further 
adjusted in such a manner that  the irradiated 
surfaces of  the wires on both sides of  the 
plane through the ~ axis and perpendicular to 
the ~b axis were equal. The peak intensities 
were measured by means of  a step scan 
procedure with A(20) steps which were 
chosen between 0.01 ° and 0.1 ° depending on 
the peak width. The maximum of a least- 
squares quadratic fit for 20 - 30 data above 
85% of the maximum net peak intensity was 
calculated for the determinat ion [ 10] of  the 
peak position, which was corrected by means 
of the Rachinger method [11].  Latt ice strains 
were calculated from a comparison with 
do {hkZ} for the annealed iron powder spec- 
imen. "~ scans" of  the {110} planes were 
measured with a Philips texture goniometer in 
order to evaluate the fibre texture.  
3. RESULTS AND DISCUSSION 
3.1. The shape o f  the d(hkl) versus sin z 4 
curves 
The interplanar spacings d(211 ) as a func- 
tion of sin 2 4 are shown in Fig. 2(a) for wires 
of batch I in the as-drawn condition and 
thinned to diameters of 212 and 120 pm. 
Figure 2(b) shows the corresponding relative 
maximum peak intensities. The measurements 
were made for +4 and --4 at ¢ = 0 °. A 
marked systematic difference in d{211) versus 
sin2 4 for +4 and --4 was not found; there- 
fore the data are averaged for +4 and --4.  
Figure 2(c) shows the results of a 4 scan 
obtained by diffraction from the (110) 
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planes. The shape of the curve does agree with 
a (110) fibre texture. The results given in 
Fig. 2 indicate that the oscillations in the 
d~211 ) versus  sin 2 4 curves become more pro- 
nounced with a sharpening of the (110) tex- 
ture. The oscillations do not follow the peak 
intensities as was found by Marion and Cohen 
[ 2] for rolled steel. The relations between 
d(211 ) and sin 2 4 for the ¢ = 90 ° position are 
shown in Fig. 3(a). In this case also, just as for 
all the measurements mentioned below, no 
systematic difference for +4 and --4 was 
observed. The values shown are averages for 
+4 and --4.  In the ¢ = 90 ° position, d(211 ~ 
versus sin 2 4 as well as the maximum peak 
intensity versus sin 2 4 {Fig. 3(b)) are linear. 
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Fig. 2. (a) d~211 ~vs. sin 2 ~ for batch I at ¢ = 0 ° (Co Ko~ radiation); (b) the relative maximum peak i n tens i ty  
obta ined  by diffraction from the ~211} p lanes  (~b = 0 ° ;Co Ka radiation); (c) results of a ~ scan obta ined  by dif- 
fraction from the ~110) planes (~b = 0 ° ; Co Ka radiation). 
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Fig. 3. (a) d{211 } vs. sin 2 ~ for batch I at ~b = 90 ° 
(Co Ks radiation) for various diameters (m, 254 pm; 
m, 212 pm; [~, 120 pm);  (b) the relative maximum 
peak intensity of the 211 reflections vs. sin 2 ~ for 
specimen 1.212 (¢ = 90°; Co Ks  radiation). 
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Fig. 4. d{211 } vs. sin 2 ~ for batch II (Co Ks radia- 
t ion): ©, ¢ = 0 ° ;D, ~ = 90 °" 
Figure 4 shows d(211} as a function of sin 2 
for the wires of batch II in the as-drawn con- 
dition, for ¢ = 0 ° and ¢ = 90 °. 
From a comparison with the results given 
in Fig. 2(a) (for the unetched wires also) it is 
obvious that, contrary to the results for batch 
I, the slope of a linear least-squares fit to the 
data is now negative. This could indicate that 
the (pseudo)macrostresses w re tensile for 
batch I and compressive for batch II in an 
axial direction at the surface. The conclusion 
that the residual stress is influenced by the 
drawing parameters, uch as the drawing die 
cone angle and the number of drawing stages, 
is in agreement with results obtained with 
mechanical methods on thicker steel wire [ 12, 
13]. The sequence of oscillations, however, is 
the same in both batches, although the oscil- 
lations for batch II are more pronounced. For 
batch I this shape is different from that 
expected for an axial tensile stress in a wire 
with a (110} fibre texture if only the elastic 
anisotropy is taken into account [14, 15]. 
The shape of the curve for batch II (which 
also has a {110> fibre texture) agrees with the 
elastic anisotropy model for a compressive 
axial stress. 
The problem of the elastic and plastic 
anisotropy approach was investigated further 
by measuring the d(hkt) versus sin 2 ~ curves 
for 310, 220 and 200 reflections. For this 
purpose a specimen from batch I etched to a 
diameter of 212 #m (indicated hereafter as 
specimen 1.212) was used, because the d{211 ) 
versus sin 2 ~ curve for this specimen did not 
correspond to the elastic anisotropy model. 
3.2. Elastic anisotropy 
The results obtained with specimen 1.212 
are given in Figs. 5 - 7. The interplanar spac- 
ings for the 200 reflection, at ¢ = 0 °, could 
only be determined at ~ values of 0 ° and 
about 45 ° . The 200 peak intensity at other 
values was too low for accurate d{200} 
measurements because of the {110) fibre tex- 
ture. However, from the four values (sin 2 
values of 0, 0.4, 0.5 and 0.6) that could be 
measured it is clear that d(20o} versus sin 2 
for ¢ = 0 ° is not linear. This does not support 
the "elastic anisotropy model" [3, 16] which 
predicts a linear sin 2 ~ relation for interplanar 
spacings of the type {h00}. It is possible that 
a stress gradient would give some non- 
linearity [17]. For this reason, wires with an 
original diameter of 254 pm were etched 
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Fig. 5. d{310}vs ,  sin 2 ~J for specimen 1.212 (Co K(x 
radiation): o, ¢ = 0°; D, ¢ = 90 °. 
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Fig. 6. d (220} vs. sin 2 @ for specimen 1.212 (Fe K0l 
radiation): o, @ = 0°; D, ¢ = 90 °. 
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Fig. 7. d {200} VS. sin 2 ~ for specimen 1.212 (Cr Ka 
radiation): ©, ~b = 0°; D, ¢ = 90 °. For ¢ = 0 ° the 90% 
confidence interval (n = 6) is shown. 
down to a final d iameter of 120 pm in steps 
20 pm in d iameter  (which is equal to 10 pm 
in surface layer). For  each step the d(2zz} 
versus  sin 2 ~ curves were measured and the 
original stress was calculated according to ref. 
18 with the "s tandard"  sin 2 ~ method.  F rom 
these measurements and calculations it could 
be concluded that no stress gradients larger 
than 30 MPa pm -1 were present. These 
gradients are insuff icient o explain the non- 
l inearity of  d{200} versus  sin 2 ~ that is shown 
in Fig. 7. F rom the di f ference between the 
penetrat ion depth of  Cr Kc~ radiat ion at 
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sin 2 ~ = 0.4 and that at sin 2 ~ = 0.6, it could 
be est imated that a gradient much larger than 
200 MPa pm -1 would be required to cause the 
non-l inearity shown in this figure, d(hht} 
versus  sin 2 ~ at ¢ = 90 ° is l inear for the 310, 
220 and 200 reflections as it was for the 211 
reflection. Although the non-l inearity of  
d{20o } versus  sin 2 ~ was not  very promising 
for the elastic anisotropy model  [3, 16] ,  a 
further evaluation of  this model  was per- 
formed with the results of  the 211 and 310 
reflections. 
The principal stresses of  an average stress 
tensor were assumed to be or iented as shown 
in Fig. l (b ) ,  with the axial stress oax perpen- 
dicular to the tangential stress otan and the 
radial stress arad. This assumption is reason- 
able because no evidence was found of  a 
systematic di f ference between d{211} versus  
sin 2 ~ at ¢ --- 45 ° and the corresponding curve 
at ¢ = - -45 ° nor  between +~ and - -~ at both 
¢ = 0 ° and ~b = 90 ° [ 19].  A radial stress was 
included because multi-axial oading during 
the plastic deformat ion could possibly 
produce a pseudomacrostress as a result of  the 
interphase f fect  due to the approximately  
10 vol.% cement i te which is present as the 
second phase [20] .  Such a stress could be 
present in the ferrite and could be balanced 
by an opposite stress in the very thin lamellae 
of  cementite.  First, strains perpendicular to 
the (211} and (310} planes due to stresses of  
1 MPa in an axial, tangential and radial direc- 
t ion were calculated for uncoupled crystall ites 
or iented so as to produce the ideal <110> fibre 
texture and a uni form stress over the volume 
(the Reuss limit [ 21] ). For  these calculations 
the equat ion given by MSller and Martin [ 22] 
was used: 
3 
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where ¢ and @ are def ined in Fig. l (a)  (¢ = 0 ° 
and @ = 0 ° for  the wire axis parallel to the 0 -  
20 axis), ~,/~ and 7 are the direct ion cosines 
of  the normal to the diffracting plane in rela- 
30 
tion to the crystal system, ~?~, ~ and ~i are the 
direction cosines of the principal stresses o~ in 
relation to the crystal system (al = Oax, 
(/2 ---- (/tan and 03 = ( / tad)  and Fia(v,~) is the 
anisotropic "compliance". The direction of 
the measured strain ev,~ = (d{~ ~} -- do (~}) /  
do {~} is parallel to the normal to the dif- 
fracting plane, i.e. to the bisector of the angle 
between the incident and diffracted X-ray 
beam. The single-crystal compliances $11, 
S~2 and $44 for iron were taken from ref. 23. 
The direction cosines and the ~ values are 
known because only those lattice planes 
whose normals are perpendicular to the ~ axis 
are capable of reflecting (Fig. 8). Consequent- 
ly the orientation of the corresponding 
reflecting crystallites can be determined. The 
fact that the directions of (/ta, and (/rad with 
respect o the reflecting crystallites change be- 
cause of the cylindrical shape of the wire sur- 
face must be taken into account. This was 
achieved with an integrating procedure with 
30 ° > ~ > --30 ° (Fig. 1(5)). 
a The values of ev = o o, ~/(/~ = F~_(v =oO~) are 
given in Fig. 9 for sin 2 ~ values of 0, 0.08, 
0.33 and 0.75 for the 211 reflection and for 
sin 2 ~ values 0.05, 0.2, 0.45 and 0.8 for the 
310 reflection. Figure 9 indicates that the 
addition of separate strains can lead to various 
d(~} versus sin 2 ~ distributions, depending 
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Fig. 8. Stereographic projection with plane normals in 
relation to the ~ axis for the ~b = 0 ° position: D, 
(100);4,  (111); ~, (110); o, (211); *, (310). 
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on the values and signs of the three principal 
stresses. In order to calculate the stress tensor 
from the measured strains, it was assumed, as 
did DSlle and coworkers [3, 16], that the 
materials consisted of a volume fraction fi of 
grains with a random orientation and a frac- 
tion f" with an orientation corresponding to 
the ideal (110) fibre texture. According to ref. 
16, fa was estimated from the intensity versus 
sin 2 ~ curve (Fig. 2(b)) to be about (/max -- 
Imm)//max ~ 0.5. The strains and stresses for 
the values of sin 2 ~ given in Fig. 9 are related 
by the "compliances" Fi(v, ~) which are a com- 
bination of the anisotropic ompliances 
Fia(¢~, ~) and the isotropic ompliances F~i(¢, ~) : 
Fi(v, ~) = faFia(¢,~) + fiFii(¢~,~) (2) 
The values of Fi"(v=oo ~) are given in Fig. 9. 
The isotropic compliances were calculated 
from the X-ray elastic constants $2/2 and $1 
for 0.7% C steel given in ref. 24. In the latter 
case, corrections for the wire geometry had to 
be made (see Appendix A). The slopes of 
d{211} and d{310 } versus sin 2 ~ for ¢ = 90 ° 
were also used (Appendix A), and all strains 
were averaged for @ and --~. Subsequently, 
"average" (aax, Otan) and (a~x, at~n, Or~d) stress 
tensors were calculated from the data, for both 
the 211 and the 310 reflections (Figs. 2(a), 
3(a) and 5), using a least-squares method. 
However, the calculated interplanar spacings 
from these tensors did not agree with the 
measured curves. The differences between the 
calculated and measured strains had values of 
up to 100 × 10 -5, and this is much more than 
the estimated inaccuracy of (I0 - 20) × 10 -5 
for the 211 and 310 reflections. Similar 
results were obtained for specimens 1.254, 
1.120 and [1.255, in this case only for the 211 
reflections. 
From these results as well as from the fact 
that d{20o} versus in 2 @ is not linear, it could 
be concluded that elastic anisotropy isnot the 
main cause of the measured non-linearities. 
Therefore an examination of the effect of 
plastic anisotropy was deemed to be neces- 
sary. 
3.3. Plastic anisotropy 
In Fig. 10, strains are presented which were 
calculated from the results given in Figs. 2(a) 
and 5 - 7 (specimen 1.212; ¢ = 0°), for the 
directions corresponding to those of an ideal 
<110> fibre texture. The strains on {222} 
planes at sin2~ = 0.67 were measured 
separately with Cu Ks radiation in combina- 
tion with a graphite monochromator. If 
[ i l 0 ]  is taken as the fibre (wire) axis (and 
the drawing direction), the strains measured 
on planes which belong to the [001], [111], 
[111] or [110] zone of the anisotropic frac- 
tion were selected. 
The data from these zones fit straight lines 
well. This linearity is in accordance with eqn. 
(1) for the anisotropic ase. Appendix A, eqn. 
(A5), predicts this linearity to a good approx- 
imation when the experimental quasi- 
isotropic X-ray elastic constants for the 211 
and 310 reflections [24] and the elastic 
constants calculated according to Krbner 
[25] for the 220, 200 and 222 reflections are 
used. This means that for each group of grains 
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Fig. 10. Residual strains measured on dif ferent planes 
([], {200};A, {222}; [], {220};*, {310}; o, {211}) 
belonging, for the anisotropic fraction, to the [0_01] 
zone( ),the [ I i0]  zone( . . . .  ) and the [III] or 
[111] zones (- -- -) (Fig. 8) in grains which are ori- 
ented in such a way that these zone axes are parallel 
to the @ axis (wire axis, [ 110 ] ; specimen I. 212;  @ = 
0°). 
which have their [001], [111], [111] or 
[110] direction parallel to the ~ axis (at 
~b = 0°), it should be possible to find average 
stress tensors to fit. These groups will further 
be referred to as group [001], [111], [111] 
and [110] respectively. The tensors are 
averaged over the irradiated surface of the 
wire and the effective penetration depth [8] 
of the X-rays, which varies from about 1 pm 
for the 222 reflections at sin 2 ~ = 0.67 to 
9 pm for the 310 reflections at sin 2 ~ = 0.2. 
When a biaxial state of stress is assumed, the 
principal stresses Oax and atan (Fig. l(b)} can 
be calculated by means of eqns. (1) and (A5) 
from the strains shown in Fig. 10. The 
calculations were carried out for fa values of 
0.3, 0.5 and 0.7. For the 220, 200 and 222 
reflections the isotropic X-ray elastic 
constants $2/2 and $1 of iron, calculated 
according to KrSner's approximation [25], 
were used in eqn. (A5). The other elastic 
constants were chosen as mentioned in Sec- 
tion 3.2. The results calculated by a least- 
squares method are given in Table 2. The 
estimated error for the stresses due to geom- 
etry and counting statistics was about 
40 MPa. 
It is doubtful, however, whether a biaxial 
state of stress does exist in this case [17, 
26]. For the determination of a triaxial state 
of stress, strains in additional crystallographic 
directions which are not perpendicular to the  
zone axes are needed. These directions must 
32 
TABLE 2 
Stresses (MPa) calculated for different anisotropic fractions fa, starting from a biaxial state of stress 
Group fa = 0.3 fa = 0.5 fa = 0.7 
Oax Otan Oax Otan Oax Gtan 
[001] 565 1105 585 1054 616 1023 
[111] 270 --168 265 --219 258 --285 
[111] 270 --168 265 --219 258 --285 
[110] 254 --552 273 --566 292 --582 
TABLE 3 
Additional directions of the four groups of grains needed to calculate a triaxial state of stress 
Group Direct ion ~b (deg) sin 2 ~ (4 posit ive)  
[001] [001] 90 1 
[110] [119] 90 1 
[11i] [001] 90 0.33 
[111] [ i00] --39.23 0.83 
[111] [0~0] --140.77 0.83 
[111] [110] --90 0.67 
[111] [00i]  --90 0.33 
[111] [010] 39.23 0.83 
[111] [100] 140.77 0.83 
[111] [110] 90 0.67 
belong to only one of the four groups of 
grains and are summarized in Table 3. 
The additional strains for the [001] and 
[110] groups cannot be measured because 
sin 2 ~ = 1. These strains were therefore de- 
termined by extrapolating d 220 o (^ } and d (2oo) 
versus sin 2 ~ at ¢ = 90 to sin z ~ = 1 (Figs. 6 
and 7). It was reasonable to make this extrap- 
olation as d{hkZ) versus sin 2 ~ was found to 
be linear up to sin 2_ ~ = 0.8 in both cases. 
For groups [111] and [111],  strains at 
~b = +140.77 ° and ¢ = +39.23 ° were measured 
separately and did not show a systematic 
difference; the average strain (e) for these four 
directions was --70 × 10 -s .  The other strains 
at ¢ = +90 ° could be obtained from Figs. 6 
and 7. The following assumptions could be 
made from considerations of symmetry with 
respect o the measured strains, the directions 
of the forces during the plastic deformation 
process and the orientation of the grains. 
(a) For the grains of groups [001] and 
[110] the principal stresses 0.1, 0.2 and 03 
coincide with the axes of the orthonormal 
sample system Pi (P1 is parallel to the wire 
axis, P2 is perpendicular to the wire axis and 
parallel to the Perspex plate, and P3 = P1 × P2 
(Fig. l(a))). 
(b) The average stress tensor in the grains 
of groups [111] and [111] consists of the 
components 011(= 01), 022, 033, 0"23 and 0"32 
with respect o the sample system Pi. 
In order to calculate 01, 0"2 and 0"3 for the 
groups [001] and [110],  eqns. (1), (A5) and 
(A10) were used with ~ = 0. To calculate the 
tensors for groups [111] and [111] the equa- 
tions given by DSlle [17] were applied: 
e'33 = e¢~, ~ = R' i i0" ' i i  (3) 
firii(hkl ) + fas'33ij 
R'ij (hkl, ¢i, ~i) = fi + fa (4) 
S'33 ij = k3rn~k3nkiokjpSrnnop (5) 
rz l (hk l  ) = r22(hkl ) = Sz(hkl)  (6a) 
r33(hkl) = Sz(hkl)  + ½S2(hkl) (6b) 
r l2(hkl )  = rz3(hkl) = r23(hkl ) = 0 (6c) 
o'u = ¢~ikCO~lOkl (7) 
where R'ij are the anisotropic X-ray elastic 
constants with respect o the orthonormal 
laboratory system Li (L3 and /~2 coincide 
with the directions of e~_3 = e~_,~ and the 
axis respectively;/~1 = L2 X L_3), 0'11 is the 
stress tensor with respect o Li, okz is the 
TABLE 4 
Stresses (MPa) calculated for di f ferent anisotropic fractions fa, starting from a triaxial state o f  stress 
33 
Group fa = 0.3 fa = 0.5 fa = 0.7 
(/1 02(2) 03(3) G23/032 G1 02(2) 03(3) 023/032 O1 02(2) 03(3) 023/032 
[001] 266 442 - -184 - -  296 433 - -183 - -  
[111] 272 - -75 - -22 228 300 - -69  - -33 232 
[111] 272 - -75 - -22 - -228 300 - -69 - -33 - -232 
[110] 350 - -194 92 --  361 - -212 89 -- 
327 423 - -187 - -  
331 - -65 - -46 238 
331 - -65 - -46 - -238 
374 --231 86 --  
stress tensor with respect o P/, rij are the 
isotropic X-ray elastic constants, fa and f i  a re  
the anisotropic and isotropic volume fractions 
respectively, S'33is. are the single-crystal com- 
pliances with respect o Li, Smnop are the 
single-crystal compliances with respect o the 
crystal system, X is the matrix of the direction 
cosines between/~i and the crystal system and 
is the matrix of the direction cosines be- 
tween/~i and/~,i. 
The results of the calculations, for which a 
least-squares method was again used, are given 
in Table 4 for fa values of 0.3, 0.5 and 0.7. 
The differences between the strains which 
were calculated from the stress tensors given 
in Tables 2 and 4 and the measured strains did 
not exceed the estimated inaccuracy of the 
measurements. From these results, for all 
values of fa considered, the following con- 
clusions can be drawn. 
(a) Both for the biaxial and for the triaxial 
model the tangential directions (ota, and 
o2(2) vary strongly from tensile for group 
[001] to compressive for group [110]. 
(b) For the triaxial state of stress the radial 
stress (oa<a)) varies also, but in this case from 
compressive for group [001] to tensile for 
group [110]. 
(c) The tangentiai and radial stresses for 
group [111] and group [111] are relatively 
low compared with those for the two other 
groups. 
(d) All the calculated stresses in the axial 
direction are tensile with a relative small 
variation. 
(e) The relatively high values for Oaca), 
028 and o32 indicate that the triaxial stress 
model is more realistic than the biaxial model. 
From points (a) and (b) it can be con- 
cluded that in both cases the [001] direction 
is in tension whereas the [ 110] direction is in 
compression. This conclusion may be 
explained in the following way. During the 
wire drawing, the radial as well as the tangen- 
tial directions are strained in compression. 
Young's modulus, the yield stress and the 
work hardening in a {100> direction have the 
combined effect that, for a given strain in a 
(100> direction of a crystal, less stress is 
required than for the same strain in its sur- 
rounding crystals which are differently 
oriented. After the plastic deformation and 
elastic spring-back, this would then lead to 
the intergranular state of stress calculated 
above [27, 28]. The extent o which the 
cementite phase and grain boundaries will 
influence this process remains uncertain. The 
plastic behaviour of groups [ l l i - ]  and [111] 
may be intermediate between that of group 
[001] and that of group [110]. 
For practical applications the following 
conclusions can be drawn. 
(1) Although d{hkl} versus sin 2 ~ at ¢ = 90 ° 
is linear for cold-drawn steel wires, the slope 
of this plot cannot directly be correlated to 
the actual stress using the standard sin e 
method. 
(2) However, point (d) shows that the 
slope of a linear least-squares fit to d{211} 
versus sin 2 ~ at ¢ = 0 ° may give some qualita- 
tive information about an axial macrostress. 
This slope, with $2/2 = 5.9 × 10 -6 MPa -1 as 
determined by a tensile test from ~2d(211}/ 
~i( sin2 4) rio [29] yielded a stress of 520 MPa 
which is, however, higher than the average of 
the axial microstresses as calculated above 
but of the same sign. 
3.4. Tensile test 
Although apparently the elastic anisotropy 
model is not applicable to plastically de- 
formed wires with a pronounced texture, it 
should be valid for strains caused by elastic 
loading. This was investigated on wires of 
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batch 1.212 which were stress relieved by an 
anneal of 1 h at 625 °C and externally loaded 
with the aid of a tensile device. After this 
anneal the (110) fibre texture was retained. 
For the unloaded specimen, d{211 ) and d(310} 
are linear functions of sin 2 4, and 5d/ 
~( sin2 4) has only a small positive value in 
both cases (Fig. 11). This linearity confirms 
that the oscillations observed in the un- 
annealed wires could not have been caused by 
geometric errors, d{hkt} versus sin 2 4 curves 
were obtained as also shown in Fig. 11 on 
loading the wires elastically to an axial tensile 
stress Oext of 290 + 10 MPa. These curves are 
similar to those given in Fig. 9 for a,x. Figure 
11 also shows the interplanar spacings cal- 
culated with the aid of the elastic anisotropy 
model with fa = 0.5 and o~x = 290 MPa. In 
this calculation, do was derived from the un- 
loaded condition. These calculated values are 
in good agreement with the experimental 
1.173 
1.172 
o,~ 
"o 1.171 
1.170 
1.169 
(a) 
i i i 
02  0.4 0.6 
sin2~) 
0.8 
0.909 
0.908 
o,¢  
0.907 
0.906 
0.905 012 0:, 018 0.8 
(b) sin2~) 
Fig. 2 11. (a) d{211 } vs. sin ~ and (b) d{310 ) vs. 
sin 2 ~ for specimen 1.212 after annealing for 1 h at 
625 °C, unloaded (o) and loaded (o) to an axial 
tensile stress aex t of 290 MPa (~ = 0°; 4+; Co Ka 
radiation). Calculated values (o) are also shown. 
p 
o 
~ o 
-1  
.ff' 
• . ; : ; "  
/ 
/ 
/ 
/ 
012 oi, 018 018 
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Fig. 12. Strains measured in the same directions as 
shown in Fig. 10 (the symbols are also as defined in 
Fig. 10 caption) for the annealed specimen 1.212 
(1 h at 625 °C) loaded to an axial tensile stress Oex t of 
290 MPa (~ = 0°; 4+). 
curves. Furthermore, the d(hkz) values for the 
different zones (similar to Fig. 10) were 
measured for both the unloaded and the 
loaded state. 
The strains calculated from these d values 
are shown in Fig. 12. It can be seen that the 
strains measured on planes which belong to 
one zone (i.e. one group of grains) lie on 
straight lines, intersecting the same point at 
sin2 4 = 1. From eqn. (1), this point of inter- 
section is expected to occur when the same 
axial stress is present in each of the four 
groups of grains mentioned in Section 3.3. 
aax was calculated for the four groups for 
fa= 0.5 from eqns. (1) and (A5) on the 
assumption that there is a uniaxial state of 
stress. The calculated Oax values for the 
[001], [110], [111] and [ l l i - ]  groups were 
298 (+15) MPa, 309 (+15) MPa, 298 (+15) 
MPa and 298 (+15) MPa respectively. These 
calculated axial stresses agree well with 
(]rex t = 290 + 10 MPa. From these results it 
may be concluded that the elastic anisotropy 
model is applicable to elastically loaded 
specimens. 
4. CONCLUSIONS 
From the measurements of d{hkl) versus  
sin 2 ~, where hk l  is 211,310,  220 and 200, 
on cold-drawn 0.7% C steel wire the following 
conclusions can be drawn. 
(1) The shape of the curves, and conse- 
quently the state of stress, varies with the 
drawing die cone angle and the number of 
drawing stages. 
(2) The observed non-linearity in d(hkl) 
versus  sin 2 ~ for all reflections, measured in 
such a position that the ~ axis was perpen- 
dicular to the wire axis, could not be 
explained by a (110) fibre texture and the 
elastic anisotropy of the grains. 
(3) Plastic anisotropy together with the 
(110) fibre texture seem to be an important 
cause of the measured non-linearity. Calcula- 
tion of the average stresses in grains oriented 
in such a way that their (100), (110) or (111) 
directions were parallel to the ~ axis showed 
that a large difference in tangential and pos- 
sibly radial stresses in these groups of grains 
may exist. 
(4) The d(hkt} versus s in2~ relations, 
measured in a position with the wire axis 
parallel to the ~ axis, were found to be linear 
for all reflections. Nevertheless, in terms of the 
sin 2 ~ method, the slope of d{hkl} versus  
sin 2 ~ does not give information about the 
actual state of stress in the separate grains. 
(5) The slope of a linear least-squares fit to 
d(211} versus  sin 2 ~, measured in a position 
with the wire axis perpendicular to the ~ axis, 
gives qualitative information about an axial 
macrostress. 
(6) Strains measured in tensile-loaded wires 
could be explained in terms of an elastic 
anisotropy model provided that an aniso- 
tropic fraction of grains oriented according to 
the ideal (110) fibre texture and a fraction of 
randomly oriented grains are taken into 
account. 
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APPENDIX A 
A.1. Strain-stress relation for the isotropic case 
It can be shown that (Fig. A1) 
eo,¢,~ = eax sin 2 ~ cos 2 ¢ + etan(COS 2/3 sin 2 ¢ sin 2 ~ + sin 2/3 cos 2 ~ -- 1 sin 2/3 sin 2~ sin ¢) + 
1 sin 2~ sin 2ff sin ~b) (A1) + e~d(sin 2 fl sin 2 ¢ sin 2 ~ + cos 2/3 cos 2 ~ + 
where eax, etan and era d are the principal 
strains. The principal strain-principal stress 
relations, with Young's modulus E and Pois- 
son's ratio v, are 
Oax P 
eax - - -  (Ota n -I" Orad ) (A2) 
E E 
Otan P 
eta n - - - -  (O'ax +'Orad) (A3) 
E E 
Ora d P 
erad - - -  (Oax + ot . . )  (A4) 
E E 
These are substituted in eqn. (A1). Integra- 
tion over ~ between/3min and ~3rnax (Fig. l (b),  
Section 2) gives the average strain over the 
wire circumference being irradiated. For the 
¢ = 0 ° position (~ axis perpendicular to the 
wire axis), eqn. (A1) now becomes 
<e~=o°,~,~> 
= {(½S2 + S1)a~x + Sl(ot~n + O~ad)} sin 2 @ + 
+ {(182 + 81)O'ta n + 81(Oax + Orad))A COS 2 ~ + 
q- ((½82 q- 81)Ora d -1- 81(Oax -}" Otan)}B cos 2 ~/ 
(A5) 
with 
max d/3//max d~ 
A = sin 2/3 
#min I flmin 
(A6) 
fmax /3/ /max 
B = cos 2 ~ d d~ 
/~min /~min 
(A7) 
8 2 12+ 1 
2 E 
(A8) 
/2 
81 ---- - --  (A9) 
E 
where $2/2 and $1 are the X-ray elastic con- 
stants [A1]. 
For the ¢ = 90 ° position (~ axis parallel to 
the wire axis), eqn. (A1) becomes 
1 s in2~k+A)+ = 1S2(Ota n --  Orad)(C sin 2 ~ -- yD 
1 + 81(Oax + 0"tan) + (--~82 + 81)Ora d (A10) 
with 
~max /3/fmax 
C = f cos 2~ d d/3 
v 
/3min / ~min 
(A l l )  
~p axis 
E'A ¢ ~ ' P ~  d.'O'r a d 
Fig. A1. Strain-stress situation for the isotropic case. 
~max ~/ /max 
D = f sin 2/3 d d/3 
~min / flmin 
(A12) 
A is defined by eqn. (A6), and D = 0 for 
i/3mt~] = J~max I. Differentiation of eqn. (A10) 
now results in 
a (<e~ = 90 o, ¢, ~>) _ 1 
a(sin2 @) - --~ S2(Ota  n - -  O ' rad)C  (A13) 
It is assumed that every part of the wire sur- 
face that is irradiated (between time and 
/3max) contributes equally to the measured 
diffraction peak intensity. Equation (A13) 
was used to^ work out thed{o}31o andd{ }211 
versus in z ~ curves at ~ = 90 (Section 3.2). 
In this case the experimental quasi-isotropic 
X-ray elastic constant for the 310 reflection 
from the literature [A1] was applied ($2/2 = 
7.48 × 10 -6 MPa-1). For the 211 reflection, 
$2/2  was taken as a weight average of the 
experimental quasi-isotropic value [A1] 
($2/2 = 6.35 ×10 -e MPa -1) and an aniso- 
tropic value $2a/2 which was calculated from 
the single-crystal elastic constants of iron 
[A2]. For this purpose, e¢= 90 o. ~/otan,~= o ° 
was calculated from eqn. (1) for seven dif- 
ferent crystallographic directions perpendic- 
ular to the wire (fibre} axis ( [ i l0 ] )  and, 
consequently, seven different values of ~. The 
quotient is nearly a linear function of sin 2 
(correlation coefficient r = 0.985) and from 
the slope of a linear least-squares plot it 
follows that 
~e~= 90 °, ~/atan,~= 0 ° 82 a 
a(sin 2 ~) 2 
= 7.30 × 10 -e MPa -1 
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